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Abstract 
Mechanical activation technique is discussed as a way for increasing physical-mechanical properties of UHMWPE. It is 
shown that physical mechanical properties of hot-pressed specimens of UHMWPE without any filler reach the maximum value at 
mechanical activation time of 20 minutes, with rather low wear intensity at steady-state wearing stage. Addition of 10 wt.% of 
HDPE-g-SMA results in an increment of the wear resistance that might be caused by cross linking of both components 
(UHMWPE and HDPE-g-SMA) during sintering. Addition of carbon nanofibers (CNF) into UHMWPE in range of 0.1-0.5 wt.% 
ensures improvement of physical–mechanical and tribotechnical properties of the hot-sintered specimens. It is shown that CNF 
volume fraction of 0.1-0.5 wt.% provides the lowest wear rate for the specimens during the “block-on-ring” test. 
© 2009 Elsevier B.V. All rights reserved 
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1. Introduction 
Ultra high molecular weight polyethylene (UHMWPE) is a promising polymeric material which may be used to 
replace metals in tribotechnical applications such as gears, bearings, and seals. It is also widely used in orthopedic 
surgery for joints replacement in orthopedic application due to its good processability and very low friction 
coefficient. Traditionally, strength and wear resistance of polyolefins are increased by the addition of micron size 
reinforcement particles obtained from inorganic material. Recently, intensive investigations have been carried out to 
explore the possibility to add nano-sized fillers due to theirs redundant surface energy (they have very high surface 
energy). The small size of the filler particles can provide a very fine and uniform structure in the UHMWPE 
specimens. High chemical resistance of UHMWPE is a very important property of the material, but it also results in 
low inter-phase bonding when a filler is added to increase its strength. In order to solve this problem, one can 
employ mechanical activation of the polymer (or its mixture with a filler) or use chemical modification (e.g. grafting 
of copolymers, like maleic anhydride - MAH) of UHMWPE [1]. 
A lot of attention recently has been paid to increasing the strength and wear resistance of composite polymeric 
materials by mechanical activation. We can refer to investigations carried out by Prof. V. Poluboyarov in 
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Novosibirsk (ISCMC SB RAS), Dr. G. Selyutin in Krasnoyarsk (ICCT SB RAS), Prof. A. Okhlopkova in Yakutsk 
(IPOG SB RAS), etc.[2,3] The assumption is made that planetary mill treatment provides an uniform distribution 
micro- and nano-sized particles of fillers in the polymer matrix. AGO-2 planetary mill was employed in most of the 
investigations reported in the literature [4]. 
In this work, we focus our attention on comparison of wear resistance, mechanical properties, permolecular 
structure and X-ray patterns of UHMWPE-based composite specimens subjected to mechanical activation, chemical 
modification and addition of carbon nanofibers (CNF). 
2. Experimental procedures 
UHMWPE powder with particle size of 50-70 μm (GUR by Ticona, Germany) was used for the specimen 
preparation. The molecular weight of the UHMWPE powder used is 2.6×106 g/mol. Mechanical activation with 
treatment time of 0-40 minutes was performed using an industrial planetary mill. Steel balls of 8 mm diameter were 
used for the treatment. We employed graft HDPE with anhydride and carboxyl functional groups realized by 
modification of the polymers in reacting gases (HDPE-g-SMA by GoC “Olenta”, Russia). It was assumed that 
grafting will provide adhesion between UHMWPE and HDPE particles. Carbon nanofibers in the form of multiwall 
nanotubes with external diameter of 50-60 nm, internal diameter of 10-20 nm and length of 2-3 μm were employed 
to fill as reinforced particles. HDPE-g-SMA, CNF and UHMWPE were mixed using a high speed homogenizer. 
After mechanical activation or mixing, UHMWPE powder was used to prepare test piece specimens by using a 
compression machine and, subsequently, a hot-pressing mould. The compression pressure was 10 MPa and the 
temperature was maintained at 190ºC for 120 minutes. Specimens were cooled in the mould at a cooling rate of 3-
4ºC/min. The specimens shape was a rectangular prism 45 mm long, 50 mm wide and from 5 to 8 mm high. 
Friction coefficient was measured using a pin-on-disk tribometer according to ASTM G99 and DIN 50324, with 
a fixed steel ball of 3 mm diameter positioned at the indenter tip. Viscoelasticity tests were performed by the means 
of a “Impulse-1R” machine [6].  
The three point bending and compression tests were performed with the help of an electro-mechanical testing 
machine Instron – 5582. The three point bending test was performed at a loading rate of 0.5 mm/min, while at the 
compression test it made 0.3 mm/min. Specimen size made 13×5×50 mm3 and 6×6×10 mm3 correspondently. 
Wear tests were performed using a “SMT-1” friction machine. Tests were run without lubrication according to 
ASTM G77. Specimens shape was in the form of a rectangular prism 7 mm long, 7 mm wide and 10 mm high, the 
roller diameter was 62 mm, the revolution rate was 100 rpm, and the applied loading was set to 160 N. Images of 
wear track were investigated by shooting micrographs using an optical microscope “Carl Zeiss Stemi 2000–C” and 
measuring track area with the help of software Rhinoceros, v3 [7]. 
Phase structure and crystallinity degree were investigated using an X-ray diffraction spectrometer Shimadzu 
XRD 6000. The analysis of permolecular structure was performed by mean of a scanning electron microscope 
(Phillips SEM-515) which imaged the UHMWPE specimen surface that was sprayed with silver where fracture 
occurred. The fracture cleavage facets appeared on the brittle fracture surfaces of the specimens immediately after 
extracting them from liquid nitrogen. 
3. Results and discussion 
The mechanical activation time exerts substantial influences onto physical-mechanical properties of UHMWPE 
(see Table 1).The highest values of density, Shore hardness and modulus of elasticity are reached at mechanical 
activation time of 20 minutes after which they decrease gradually. Friction coefficient at initial state (without the 
treatment) is equal to 0.143, and then it decreases to 0.138 and 0.137 respectively when the mechanical activation 
time increases. 
UHMWPE+ HDPE-g-SMA compounds also were hot pressed in the mold. According to literature data, the cross 
linking of both powder may happen during sintering [8]. Results on Shore A hardness measurement illustrate that it 
is decreased when volume fraction of HDPE-g-SMA is increased. At volume fraction of HDPE-g-SMA 10 wt.% 
Shore A hardness is less than 96, while for 0 wt.% and 5wt.% of HDPE-g-SMA one can hardly find substantial 
difference between their hardness (see Table 2). 
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An increment of CNF volume fraction mostly gives rise to an increment in the density, hardness, modulus of 
elasticity and yield strength of UHMWPE specimens. With volume fraction of CNF all the properties are increased 
gradually by having the maximum values at 1 wt.% CNF with further gradual decreasing (see Table 3). 
 Table 1. Physical-mechanical and tribological properties of UHMWPE + mechanical activation 











UHMWPE 0 0.913 0.143 97.84 563.846 14.067 
UHMWPE + MA 10 10 0.915 0.143 98.07 689.484 15.000 
UHMWPE + MA 20 20 0.915 0.138 98.60 699.328 12.167 
UHMWPE + MA 30 30 0.913 0.137 98.25 626.127 12.833 
UHMWPE + MA 40 40 0.911 0.137 97.37 624.158 12.933 
Table 2. Physical-mechanical and tribological properties of UHMWPE + UHMWPE-g-SMA 











UHMWPE 0 0.913 0.143 97.840 563.846 14.067 
UHMWPE + 5% UHMWPE-g-SMA 5 0.923 0.127 97.000 470.727 15.767 
UHMWPE + 10% UHMWPE-g-SMA 10 0.928 0.226 95.800 505.556 15.700 
Table 3. Physical-mechanical and tribological properties of UHMWPE + CNF 









UHMWPE 0 0.913 0.143 97.84 563.846 14.067 
UHMWPE + 0.01%CNF 0.01 0.933 0.127 98.34 617.465 14.933 
UHMWPE + 0.065%CNF 0.065 0.938 0.136 98.31 631.873 15.067 
UHMWPE + 0.1%CNF 0.1 0.942 0.140 98.29 - 15.267 
UHMWPE + 0.5%CNF 0.5 0.939 0.153 98.39 652.243 15.633 
UHMWPE + 1%CNF 1 0.946 0.159 98.74 660.764 16.107 
UHMWPE + 2%CNF 2 0.924 0.137 98.23 640.476 14.483 
 
The tribological tests performed shows that a reduction up to 3 times of the wearing intensity at the end of the 
running in stage corresponds to a mechanical activation time of 20 minutes. At the steady state wear stage an 
improvement of wear resistance might be evaluated as 3-4 times. 
 
a)  b)  c) 
 
Fig 1. Wear rate of specimens versus test time (a) UHMWPE + mechanical activation; (b) UHMWPE + HDPE-g-SMA; (c) UHMWPE + CNF. 
 
The wear resistance of UHMWPE + HDPE-g-SMA specimens is increased when HDPE-g-SMA is mixed with 
UHMWPE powder. However, wear track area for 5 wt.% HDPE-g-SMA specimen is lower at the steady state 
wearing stage. Wear resistance of the specimen is nearly equal to one of the non-modified specimen (fig. 2b). More 
promising results in terms of wear resistance can be seen for the 10 wt.% HDPE-g-SMA + UHMWPE specimen. 
Regardless the fact that a steady-state wear condition is reached only after 50 minutes of loading, the wear resistance 
for the 10 wt.% HDPE-g-SMA specimen is several times higher than for two other specimens. 
The wear resistance of UHMWPE specimens is increased when CNF is added to UHMWPE. The highest wear 
resistance among all CNF-filled specimens was measured for the specimen with 0.5 wt.% CNF. At the steady state 
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wearing stage the wear resistance of the latter may be estimated as 4-5 times higher in comparison with UHMWPE 
specimens without the filler as well as with 1 wt.% CNF (see fig. 2c). 
 a)  b) 
 c) 
Fig 2. Permolecular structure of hot compression UHMWPE specimens: initial state (a) after 20 minutes mechanical treatment (b) after 30 
minutes (c) and wavelength intensity peak of UHMWPE before and after a 20 minutes mechanical activation (d) 
SEM structure investigation showed that permolecular structure of UHMWPE specimens treated by mechanical 
activation does not change a lot with treatment time. At the initial state it possesses lamellar structure (Fig. 2a) and it 
shows increment in the packaging density at higher processing times (Fig.2b and Fig.2c). X-ray investigations 
revealed some changes in the spectrograms for mechanically activated specimens. For a treatment time of 20 
minutes, the intensity x-ray diffraction pattern is a little bit lower compared with the patterns seen for the UHMWPE 
specimens at initial state. 
4. Conclusion 
The mechanical activation may allow a reduction in the wear intensity after the end of the running-in stage. 
Specifically, at the mechanical activation time of 20 minutes the wear intensity is increased up to 3 times. Wear 
resistance as being estimated at the steady-stare wearing stage might be increased by 3-4 times. Different trends 
observed of changing wear track area with testing time for specimens with various times of mechanical activation 
are most probably related to different degree of powder cross-linking to occur during the mechanical treatment. 
During hot pressing of the UHMWPE + HDPE-g-SMA specimens, it was observed that flow-ability of 
compounds is increased when HDPE-g-SMA is added into UHMWPE. The tests showed that at adding 10% wt.% 
HDPE-g-SMA one can increase the wear resistance by several times in comparison with pure UHMWPE specimens 
and ones with adding 5 wt.% HDPE-g-SMA. This is an important aspect as increasing the flow-ability allows 
changing the specimen forming process from hot pressing onto injection molding. 
Addition of CNF in range of 0.1–0.5 wt.% into UHMWPE gives rise to improving physical–mechanical and 
tribological properties of UHMWPE. This is in line with literature data on the influence of carbon nanotubes onto 
tribotechnical behaviour of UHMWPE [9]. Similar to our results the highest increase of wear resistance (up to 7 
times) was obtained at adding 0.5 wt.% of nanofiller in pin-on-disc wear tests. 
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